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a b s t r a c t
Adhesion of nanoscale contacts is important in many applications, including microelec-
tromechanical systems, fibrillar adhesives, and atomic force microscopy (AFM). Here,
we quantify the properties of the adhesive traction–separation relation between ultra-
nanocrystalline diamond (UNCD) AFM tips and polymethyl methacrylate (PMMA) surfaces
using a novel AFM-based method that combines pull-off force measurements and char-
acterization of the 3D geometry of the AFM tip. Three AFM tips with different nanoscale
geometries were characterized and used to perform pull-off force measurements. Using
the pull-off force data, the measured 3D tip geometries, and an assumed form of the trac-
tion–separation relation, specifically the Dugdale or 3-9 Lennard-Jones relations, the range,
strength, and work of adhesion of the UNCD–PMMA contact were determined. The as-
sumptions in the analyses were validated via finite element modeling. Both forms of the
traction–separation laws result in a work of adhesion of approximately 50 mJ/m2 and the
peak adhesive stress in the Lennard Jones relation is found to be about 50% higher than that
obtained for the Dugdale law.
© 2016 Elsevier Ltd. All rights reserved.1. Introduction
Adhesion in nanoscale contacts is a ubiquitous and
well-known phenomenon that is important in many
applications, including microelectromechanical systems
(MEMS), fibrillar adhesives, and atomic force microscope
(AFM) based metrology and manufacturing processes. Ad-
hesion at the nanoscale is often characterized through sim-
ple AFM-based pull-off force measurements in which an
AFM tip (radius of 5–100 nm) is contacted to a surface
and then subsequently retracted. The force is measured
via deflection of the compliant AFM cantilever and the
pull-off force is defined as the peak attractive force dur-
ing retraction of the tip from the surface. If the AFM tip
is paraboloidal in shape, the work of adhesion is propor-
tional to the pull-off force divided by the tip radius and
∗ Corresponding author.
E-mail address: kturner@seas.upenn.edu (K.T. Turner).
http://dx.doi.org/10.1016/j.eml.2016.05.013
2352-4316/© 2016 Elsevier Ltd. All rights reserved.can be calculated using an adhesion mechanics model,
such as the Johnson–Kendall–Roberts (JKR) [1], Der-
jaguin–Muller–Toporov (DMT) [2], or Maugis–Dugdale [3]
analyses. The tip size as well as the elastic and adhesion
properties of the contact determinewhich adhesionmodel
is the most appropriate [4].
AFM pull-off force measurements are commonly used
to characterize adhesion at the nanoscale because of
their simplicity and the widespread availability of the
AFM. However, the single value of work of adhesion
that is obtained from pull-off measurements does not
completely define the adhesion between two surfaces.
Adhesion is more fully described by a traction–separation
relationship [3,5,6], such as a Lenard-Jones potential [7],
that defines the adhesive stress as function of separation
distance between the surfaces.While thework of adhesion
is the integral of the traction–separation relation, the
work of adhesion does not provide direct information
on magnitude of the adhesive stresses or the adhesion
range, which are critical in the design and engineering
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relative to the surface roughness magnitude is critical in
determiningwhether or not two surfaceswill adherewhen
brought into contact under light loads (e.g., the bonding
of semiconductor wafers [8]). Surface force-mediated
adhesion typically has a range on the order of nanometers
and the adhesive stresses increase sharply over short
distances near the surface, thus measurement of the
traction–separation relationship is challenging. Traditional
AFM-based pull-off force measurements cannot be used to
obtain information on the adhesion range as the compliant
AFM cantilever snaps in and out of contact during
approach and separation [9]. Specialized measurement
systems, such as the interfacial forcemicroscope [10], have
been developed to avoid the snap-in/out phenomena and
measure the traction–separation relation, however, these
systems are difficult to use and not widely available.
While an AFM tip is often idealized as a smooth
paraboloidal asperity, real AFM tips typically have
nanoscale roughness and complex 3D shapes due to man-
ufacturing variations and changes in geometry that oc-
cur during fabrication [11]. Nanoscale surface roughness,
can have a profound influence on adhesion [12,13]. Jacobs
et al. [14] combined molecular dynamics simulations and
in-situ transmission electron microscope (TEM) adhesion
experiments to investigate the effect of tip roughness on
the adhesion of ultrananocrystalline diamond (UNCD) and
diamond like carbon (DLC) AFM tips to a diamond sur-
face. Tip roughness, which was measured in 2D through
high resolution TEM imaging, was shown to have a signifi-
cant impact on the work of adhesion determined from the
pull-off force. The measured work of adhesion decreased
by more than an order of magnitude as tip roughness in-
creased from 0.03 to 0.5 nm. On a larger scale, Grierson
et al. [15] investigated the effect of the overall geometry of
AFM tip on adhesion and demonstrated that the tip evolves
from a paraboloidal shape to a power law geometry due
to wear with repeated sliding. The change in geometry,
which was measured via TEM imaging, was exploited to
extract information about the adhesion range of the AFM
tip—sample contact [15]. A key limitation in both of these
previous studies has been that the geometry of the tip was
only characterized in 2D via TEM imaging. The lack of 3D
geometry information limits the analysis that can be done
to account for the effect of tip geometrywhen applyingme-
chanics models to extract information about the adhesion
of the contact.
Here, we present a novel approach for measuring
the properties of the traction–separation relationship of
nanoscale contacts with AFM by combining pull-off force
measurements with high-resolution measurements of the
3D geometry of the tip. Specifically, we show that the
properties of the traction–separation relationship, namely
the work of adhesion, adhesion range, and peak adhesive
stress, can be extracted from pull-off force measurements
of multiple tips with known (i.e., measured) complex
geometries. These measurements are accomplished in the
presence of snap-in/out by exploiting the sensitivity of the
pull-off force to the nanoscale geometry of the tip.
The technique is demonstrated through adhesion mea-
surements between ultrananocrystalline diamond (UNCD)tips and polymethyl methacrylate (PMMA) surfaces. The
UNCD–PMMA interface is technologically relevant as
UNCD AFM probes are used in tip-based nanometrology
and nanomanufacturing processes and PMMA is a common
polymer used in nanofabrication. UNCD is a polycrystalline
diamondmaterial made by chemical vapor deposition that
has high hardness and wear resistance [16,17]. Thin films
of PMMA are used as resists in e-beam lithography [18,19]
and tip-based nanolithography [20–22]. More generally,
PMMA is an amorphous thermoplastic with good trans-
parency, chemical resistance, and high dimensional stabil-
ity. As such, PMMA has a range of applications outside of
nanofabrication, including as a component in nanocom-
posites [23,24], bone cements [25] and MEMS/NEMS
[26,27].
2. Experimental methods
Pull-off forces between three different UNCD AFM
tips (cantilever type: CTCT2, CTCT1 and SSCRL from
Advanced Diamond Technologies, Inc.) and a PMMA
surface were obtained using a standard AFM (Bruker
Dimension Icon R⃝). The PMMA surface was fabricated
by spin coating PMMA photoresist (PMMA-A4-495 from
MicroChem R⃝) at 5000 rpm for 50 s on a silicon wafer
and then heating on a hotplate at 180 °C for 10 min. The
film thickness is approximately 100 nm, which is much
larger (>40×) than the maximum indentation depths
in the AFM adhesion tests. The spring constants of the
AFM cantilevers were determined via the thermal tune
method [28]. Pull-off forcemeasurements were performed
by displacing the tip into contact with a PMMA sample
until a specified maximum normal load was reached
and then retracting the cantilever from the surface. The
pull-off forces were recorded as the maximum adhesive
force observed in the force–displacement curves during
retraction. The approach and retraction speeds were fixed
at 500 nm/s in all tests. The maximum applied loads were
varied from ∼3.5 to 100 nN for each tip. The tests at
different loads were performed in an arbitrary order. A
minimum of 20measurements were taken at each load for
each tip. Eachmeasurement was done at a new location on
the PMMA sample.
The 3D geometry of each AFM tip used was measured
via inverse imaging. The inverse images were collected by
scanning the AFM tips over a structured silicon sample
containing multiple high-aspect ratio spikes (TGT-01 from
NT-MDT R⃝). The scanswere done under contactmodewith
a low load (∼3–5 nN) to avoid significant deformation of
the spike and the image size varied from 100 × 100 nm2
to 1 × 1 µm2 in order to obtain measurements of the
detailed features near the apex as well as the overall tip
geometry. The spikes are spaced ∼2.2 µm apart and have
a sharp radius (<10 nm) at the end. When the radius
of spike is much smaller than the radius of the AFM tip,
scanning over a single spike results in an image of the 3D
geometry of the AFM tip [29]. This 3D imaging technique
has previously been used to measure various types of
AFM tips, including spherical SiO2 and Cu tips [30]. For
determination of tip geometry in the subsequent adhesion
analysis, we used AFM images of apex of the tip with a
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of tip, and (d) the quantitative comparison of the tip profiles measured with TEM and AFM-based inverse imaging.scan size of 100× 100 nm2 and a resolution of 256× 256.
These parameters, along with the properties of the AFM
(Bruker ICON), suggest a vertical resolution less than
0.1 nm and a lateral resolution of 0.39 nm. However,
the lateral resolution is less than this since the spike
has a finite radius. There is no unambiguous procedure
for defining the lateral resolution when scanning over a
rounded feature. The contact radius between the Si spike
and UNCD tip is estimated to be less than 0.7 nm based
on a simple Hertz calculation, assuming spike radius of
10 nm and a load of 5 nN. The finite radius of the spikes
prevents the inverse images from measuring atomic scale
roughness. Overall, the resolution of the AFM image is
limited by the spike radius aswell as the vertical resolution
of the AFM instrument used. However,many detailed short
wavelengths features are obtained. Importantly, compared
to scanning electron microscopy (SEM) or TEM which
have been used in previous studies [14,15,31] for tip
characterization, inverse imaging provides ameasurement
of the 3D geometry of the tip rather than a 2D profile
view. Furthermore, the inverse imaging method is simpler
and more convenient than TEM or SEM imaging as the
cantilever does not need to be removed from the AFM.
3. Experimental results
An example 3D measurement of the tip geometry
obtained using inverse imaging is shown in Fig. 1(a). By
varying the scan size (lateral dimensions of theAFM image)
and spatial resolution, both the overall geometry of the tip
(Fig. 1(a)) and the features at the apex of the tip (Fig. 1(b))
were measured. A high resolution TEM images of the endof this same tip were taken as shown in Fig. 1(c), to extract
the profile of the tip. In Fig. 1(b) and (c), the same features
at the apex of the tip are observed in both the TEM and the
inverse AFM image. A projection of the inverse AFM image
along the horizontal (fast scanning) direction is compared
with the TEMprofile in Fig. 1(d). Considering the possibility
of a slight difference in the observation angle in TEM and
that the inverse imagewas projected to a specific plane, the
profile data from both methods agree quite well with one
another, suggesting the resolution of the inverse imaging
technique is comparable to the TEM for these tips.
Three UNCD tipswith significantly different geometries
at the tip apex were used in this study. The inverse images
of each tip over a ∼40 × 40 nm2 area are shown in
Fig. 2 and show that the geometries at the apexes of these
three tips are significantly different from one another.
The non-axisymmetric geometries of the tips, notably tip
2 in Fig. 2(b), illustrate the importance of using the 3D
geometries in the analysis of pull-off forces rather than a
simpler 2D profile.
The measured pull-off forces for the three UNCD AFM
tips are summarized in Fig. 3. The maximum applied
normal load, L, during contact was varied from ∼3.5 to
∼100 nN (compressive) for each of the tips. A sublinear
trend of increasing pull-off force with increasing normal
load was observed for each tip. The pull-off force data, Fp,
data was fit to an equation of the form: Fp(L) = F0 +
αL1/3, as shown in Fig. 3. The parameters F0 and α were
determined for each tip from the fits shown in Fig. 3. The
pull-off force without external loading is F0. The power-
law index of 1/3 was chosen as it resulted in robust fits
over all of the data, however a dependence of pull-off
122 Y. Jiang, K.T. Turner / Extreme Mechanics Letters 9 (2016) 119–126Fig. 2. Height maps showing the 3D geometry of the apexes of the three UNCD AFM tips used in the current study: (a) tip 1, (b) tip 2 and (c) tip 3.force on the applied load to the 1/3 power was previously
reported by Restagno et al. [32] for glass–glass contacts.
The increase in pull-off force with applied normal load is
likely due to a combination of plastic [32] and viscoelastic
deformation of the PMMA. The roughness of the tips
may result in large localized stresses and result in plastic
deformation of PMMA. A fixed approach and retraction
speed of 500 nm/s was used in all of the tests, however the
strain rate will vary with contact depth. Thus, it is difficult
to quantitatively account for the role of viscoelasticity. To
minimize the effect of plastic and viscoelastic deformation
on the adhesion measurements, F0 is used as the pull-off
force in all subsequent adhesion analysis. The parameterα,
with units of nN2/3, is related to the geometry and elastic
properties of the contacting bodies [32], thus this quantity
is expected to vary for the three different tips used in this
study. For the three tips, the parameters obtained by fitting
the experimental data are F01 = 5.09 nN, F02 = 7.46 nN
and F03 = 8.32 nN, and α1 = 0.3 nN2/3, α2 = 0.27 nN2/3
and α3 = 2.71 nN2/3, where the subscripts denote the tip
number.
4. Analysis and discussion
In order to analyze the measurements, two commonly
used traction–separation relations are considered. The
Dugdale traction–separation law [3] assumes the adhesive
stress, σD, acting on the surfaces is constant over a fixed
separation range, had, and then abruptly drops to zero
(Fig. 4). The adhesive stress is related to the adhesion range
by the work of adhesion,Wa, as
σD = Wahad . (1)
This simple traction separation relation is widely applied
in adhesion and fracture mechanics analyses.
A second common traction–separation relation often
used to describe surface-force mediated adhesion is the
3-9 Lennard-Jones traction–separation law (Fig. 4). This
traction–separation relation describes the adhesion as:
σLJ (s) = 8Wa3z0

z0
s+ z0
3
−

z0
s+ z0
9
, (2)Fig. 3. Measured pull-off force from a PMMA surface as a function
of applied normal load for the three AFM tips. Each point represents
the average of 20–25 measurements and the error bars represent the
standard deviation. The solid lines are fits to the data; the form of the
fit is Fpo = F0 + αL1/3 .
where σLJ(s) is the stress as a function of separation s,
work of adhesion and z0, which describes the range of
the adhesion. In Eq. (2), the peak adhesive stress occurs
at s = ( 6√3 − 1)z0 ≈ 0.2z0. A traction–separation
law of this form is frequently used in analysis of adhered
contacts [5,33]. Here, the zero separation (s = 0) is
set to satisfy equilibrium, i.e. σLJ(0) = 0. This selection
does not influence the z0 value and ensures that the
stress is adhesive for 0 < s < ∞. The 3-9 Lennard-
Jones relation is physically more realistic than Dugdale
relation and is determined by integrating the common
6–12 particle–particle potential over two half spaces [34]
and captures the continuously decreasing attraction for
larger separation [35].
The measured pull-off forces are analyzed by consider-
ing the traction–separation law at the interface and the ge-
ometry of the tip. If the adhesive stress is small enough, the
elastic deformation in the contactwill be negligible and the
tip and sample can be treated as rigid bodies. We treat the
bodies as rigid in the analysis below and then validate this
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laws. Both have the same work of adhesion (area under the curves is the
same).
assumption via finite element (FE) analysis later in the pa-
per. For a rigid tip and Dugdale traction–separation law, F0
the force at separation is calculated as:
F0 =

dA
σDdAp = σDAp(had), (3)
where Ap = Ap(h) is the projected area of the tip at a
height h. h is measured from the apex of the tip. For all
three UNCD tips, an identical value of σD is expected. Thus,
the F0/Ap(had) should be constant across all three tips.
To analyze the data from the three tips, the adhesion
range had was varied from 0.1 nm to 4 nm with an
increment of ∼0.02 nm. The projected area Api(had) was
calculated based on the 3D AFM tip geometries for all three
tips, with the subscript i = 1, 2 or 3 denoting the tip
number. Finally, for the convenience of comparing the tips,
the values of F0i/Api(had) are normalized by F01/Ap1(had)
and plotted as a function of adhesion range. The three
curves intersect at two values of had as seen in Fig. 5.
However, the steepness of the curves at short ranges
reduces our confidence in the intersection point around
had = 0.5 nm. The second intersection point suggests
that the adhesion range is between 2.46 and 2.49 nm. The
work of adhesion and adhesive stress corresponding to
the second intersection is Wa = 49.6 ± 0.8 mJ/m2 and
σD = 20.1± 0.4 MPa.
Similarly, under the assumptions of negligible elas-
tic deformation, F0 assuming a 3-9 Lennard-Jones trac-
tion–separation relation is
F0 =

dA
σLJdAp
= 8Wa
3z0

dA

z0
h+ z0
3
−

z0
h+ z0
9
dAp = 8Wa3z0 AI ,
(4)
where the integral AI =

dA

z0
h+z0
3 −  z0h+z0 9

dAp, is
obtained by integrating from h = 0 to a cut-off separationFig. 5. Normalized values of F0/Ap(h) as a function of adhesion range for
all three tips. The dashed lines indicate the region over which the curves
intersect: 2.46 ≤ had ≤ 2.49 nm.
Fig. 6. Normalized values of F0/AI as a function of z0 . The dashed lines
indicate the region overwhich the curves intersect: 1.53 ≤ z0 ≤ 2.02nm.
of h = 5z0. This integration is done numerically and the
cut-off separation is selected to be where the stress is
∼1% of the peak stress. Given this, the calculated strength
and work of adhesion would not change significantly if a
larger cut-off separation was assumed in the calculation.
The values ofWa and z0 should be identical for all three tips
in this study. Thus, F0/AI is expected to be constant. Since
the integral AI is a function of z0, F0/AI varies at different z0
values. In Fig. 6, the F0i/AIi values, normalized by F01/AI1, as
a function of z0 are shown. A z0 between 1.53 and 2.02 nm
is suggested from the curves in Fig. 6. Thework of adhesion
and maximum adhesive stress were solved using these z0
values and Eqs. (2) and (4): Wa = 51.4 ± 2.4 mJ/m2 and
σLJ-max = 30.4± 5.3 MPa.
As summarized in Table 1, the analyses from both
the Dugdale and 3-9 Lennard-Jones traction–separation
124 Y. Jiang, K.T. Turner / Extreme Mechanics Letters 9 (2016) 119–126Fig. 7. (a) FE-predicted adhesive forces (lines) between UNCD tips and PMMA as a function of displacement compared to pull-off forces from experiment
(markers). And FE predictions of the distribution of normal stress on the PMMA surface at pull-off of (b) tip 1, (c) tip 2 and (d) tip 3.laws yield similar values of work of adhesion for the
UNCD–PMMA interface. The maximum adhesive stress in
the 3-9 Lennard-Jones traction–separation law is about
1.5 times larger than the uniform stress in Dugdale
interaction. Grierson et al. [15] discussed the effect of
the form of the interaction on adhesion. The Dugdale
and 3-9 Lennard-Jones traction–separation laws were
considered as equivalent to each other when both had
the same work of adhesion and the stress σLJ-max =
σD. However, our measurements suggest that σLJ-max ≈
1.5σD for equivalent Dugdale and 3-9 Lennard-Jones
traction–separation relations. Using Eq. (2), range z0 of 3-
9 Lennard-Jones traction–separation law relates with the
adhesion range of Dugdale traction–separation law as
z0 = 16
9
√
3
Wa
σLJ-max
≈ 16
9
√
3
Wa
1.5σD
= 0.684had. (5)
The range of adhesion for the UNCD–PMMA system has
not been reported previously. In other systems, interfacial
force microscopy measurements indicate a range of
adhesion 1.5–4.5 nm for (3-aminopropyl)triethoxysilane
(γ -APS) on silicon [10]. In silicon–diamond adhesion, the
in-situ TEM experiments and analyses [6] resulted an
equilibrium separation around 0.25 nm. In silicon–DLC and
DLC–DLC, adhesion range of 4–5 nm was reported [15].
Regarding the differences in material and methods, we
consider the extracted adhesion range (Table 1) in this
work to be reasonable.The above analysis assumes that the elastic deformation
in the tip and substrate at pull-off is small. In order
to verify the validity of this assumption, finite element
(FE) simulations, including the elasticity for both tip and
sample, were performed. The geometries in the FE models
were constructed from the inverse AFM images of the tips
(Fig. 2) by using a self-codedMatlab R⃝ script that generated
an input file for Abaqus R⃝ with nodal positions defined
from the inverse images. The elastic properties for UNCD
are EUNCD = 790 GPa, νUNCD = 0.06 [31] and for PMMA
are EPMMA = 3.3 GPa, νPMMA = 0.4 [36]. The adhesive
stresses were applied as surface tractions in the FE models
by a user-defined subroutine (utracload). The magnitude
of the stress was defined via a 3-9 Lennard-Jones
traction–separation law (Eq. (2)) with the parameters in
Table 1. The surface tractions were applied when the
separation between a node on the tip and its counterpart
on the other surface was within the cut-off separation
h = 5z0. The tip was displaced within a small range
(−0.2–0.3 nm) vertically on top of the PMMA sample, from
an initial position in which the tip and sample were in
contact at one point, and force on the tip was calculated.
The force–displacement curves calculated using the FE
model are shown in Fig. 7(a). The zero separation indicates
the initial tip position in FE model. Positive displacement
means that the tip is being displaced away from the
surface. The pull-off forces are the peak values of three
curves respectively. Elastic deformations occur in both tip
and sample and thus there is a small displacement to reach
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The measured adhesion properties between UNCD AFM tips and a PMMA
surface extracted assuming two different traction–separation relations.
Traction–separation
law
had ,
z0 (nm)
Wa (mJ/m2) σD , σLJ-max (MPa)
Dugdale 2.46–2.49 49.6± 0.8 20.1± 0.4
3-9 Lennard-Jones 1.53–2.02 51.4± 2.4 30.4± 5.3
the pull-off force. The pull-off forces from experimental
data are indicated by markers in Fig. 7(a) for comparison.
Although the FE predictions include elastic deformation,
the experimentally measured pull-off forces are close
to the FE predictions, indicating that the assumption of
negligible elastic deformation in the adhesion analysis is
reasonable.
The FE-predicted distribution of normal stress on the
PMMA surface at pull-off for the three tips is shown in
Fig. 7(b)–(d), respectively. Positive values are tensile stress
resulting from adhesion. The stress distributions have a
strong correlation with the 3D tip geometries shown in
Fig. 2. Although there is compressive stress observed near
the tip apex, the compressive stress only acts on small area
and has little influence on the pull-off force as discussed
above.
5. Conclusions
We have quantified the properties of the adhesive
traction–separation relation of nanoscale UNCD–PMMA
contacts using a new method that combines AFM pull-off
measurements and detailed 3D characterization of the ge-
ometry of the AFM tip. Themeasurementswere performed
using three AFM tips with different geometries and the
measurements from all three tips were combined in the
analysis to obtain the properties of the traction–separation
relationship. The method requires measurements from a
minimum of two tips with different geometries; three tips
were used here to illustrate the overall robustness of the
technique.
The measurement data was analyzed using two com-
mon traction–separation laws: the Dugdale relation and
3-9 Lennard-Jones relation. The Dugdale analysis resulted
in had = 2.46–2.49 nm and Wa = 49.6 ± 0.8 mJ/m2,
while the 3-9 Lennard-Jones traction–separation law re-
sulted in z0 = 1.53–2.02 nm andWa = 51.4± 2.4 mJ/m2.
Nearly the same work of adhesion is obtained regard-
less of whether the Dugdale or 3-9 Lennard-Jones trac-
tion–separation law is assumed. The peak stresses in the
traction–separation law differ by about 50%, suggesting
that it may be more appropriate to set σLJ-max ≈ 1.5σD
instead of σLJ-max ≈ σD as is commonly done in analyses
[15,35] that define equivalent Dugdale and Lennard Jones
potentials.
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